The impact of incretins upon pancreatic b-cell expansion remains extremely controversial. Multiple studies indicate that incretin-based therapies can increase b-cell proliferation, and incretins have been hypothesized to expand b-cell mass. However, disagreement exists on whether incretins increase b-cell mass. Moreover, some reports indicate that incretins may cause metaplastic changes in pancreatic histology. To resolve these questions, we treated a large cohort of mice with incretinbased therapies and carried out a rigorous analysis of b-cell turnover and pancreatic histology using high-throughput imaging. Young mice received exenatide via osmotic pump, des-fluoro-sitagliptin, or glipizide compounded in diet for 2 weeks (short-term) on a low-fat diet (LFD) or 4.5 months (longterm) on a LFD or high-fat diet (HFD). Pancreata were quantified for b-cell turnover and mass. Slides were examined for gross anatomical and microscopic changes to exocrine pancreas. Short-term desfluoro-sitagliptin increased serum insulin and induced modest b-cell proliferation but no change in b-cell mass. Long-term incretin therapy in HFD-fed mice resulted in reduced weight gain, improved glucose homeostasis, and abrogated b-cell mass expansion. No evidence for rapidly dividing progenitor cells was found in islets or pancreatic parenchyma, indicating that incretins do not induce islet neogenesis or pancreatic metaplasia. Contrasting prior reports, we found no evidence of b-cell mass expansion after acute or chronic incretin therapy. Chronic incretin administration was not associated with histological abnormalities in pancreatic parenchyma; mice did not develop tumors, pancreatitis, or ductal hyperplasia. We conclude that incretin therapies do not generate b-cells or alter pancreatic histology in young mice. (Endocrinology 158: 1701(Endocrinology 158: -1714(Endocrinology 158: , 2017 
The impact of incretins upon pancreatic b-cell expansion remains extremely controversial. Multiple studies indicate that incretin-based therapies can increase b-cell proliferation, and incretins have been hypothesized to expand b-cell mass. However, disagreement exists on whether incretins increase b-cell mass. Moreover, some reports indicate that incretins may cause metaplastic changes in pancreatic histology. To resolve these questions, we treated a large cohort of mice with incretinbased therapies and carried out a rigorous analysis of b-cell turnover and pancreatic histology using high-throughput imaging. Young mice received exenatide via osmotic pump, des-fluoro-sitagliptin, or glipizide compounded in diet for 2 weeks (short-term) on a low-fat diet (LFD) or 4.5 months (longterm) on a LFD or high-fat diet (HFD). Pancreata were quantified for b-cell turnover and mass. Slides were examined for gross anatomical and microscopic changes to exocrine pancreas. Short-term desfluoro-sitagliptin increased serum insulin and induced modest b-cell proliferation but no change in b-cell mass. Long-term incretin therapy in HFD-fed mice resulted in reduced weight gain, improved glucose homeostasis, and abrogated b-cell mass expansion. No evidence for rapidly dividing progenitor cells was found in islets or pancreatic parenchyma, indicating that incretins do not induce islet neogenesis or pancreatic metaplasia. Contrasting prior reports, we found no evidence of b-cell mass expansion after acute or chronic incretin therapy. Chronic incretin administration was not associated with histological abnormalities in pancreatic parenchyma; mice did not develop tumors, pancreatitis, or ductal hyperplasia. We conclude that incretin therapies do not generate b-cells or alter pancreatic histology in young mice. (Endocrinology 158: 1701 (Endocrinology 158: -1714 (Endocrinology 158: , 2017 T ype 2 diabetes (T2D) is generally characterized by the inability of the pancreatic b-cells to produce adequate amounts of insulin to meet the metabolic demand, resulting in uncontrolled blood glucose. Various potent drugs that increase insulin production in patients with T2D have been developed. Sulfonylureas such as glipizide inhibit the K + -adenosine triphosphate (ATP) channel through binding to the sulfonylurea receptor (SUR) subunit, leading to b-cell membrane depolarization and insulin release (1) . Gut-derived peptides such as glucagonlike peptide-1 (GLP-1), also known as incretins, stimulate b-cell function and insulin secretion (2) . Incretin-based T2D therapies increase circulating GLP-1 levels directly via GLP-1 analogs or indirectly through inhibition of dipeptidyl peptidase-4 (DPP-4)-inactivating enzyme (3) . Treatment of patients with T2D with the GLP-1 analog exenatide or with DPP-4 inhibitor preserves b-cell function and dramatically improves glucose control (3) . However, the complete mechanism of their beneficial actions remains poorly understood. Several studies have proposed that incretin therapy also promotes b-cell mass expansion in control mice or partial b-cell mass restoration in diabetic mice. In rodents treated with GLP-1 receptor agonists, b-cell proliferation is increased (4) (5) (6) (7) (8) (9) . A few studies have demonstrated that DPP-4 inhibitors have mitogenic effects on b-cells in control rodents (10) . More prominent are reports that incretins or DPP-4 inhibitors, such as des-fluorositagliptin, increase b-cell mass in rodent models of obesity and diabetes (11) (12) (13) . Des-fluoro-sitagliptin administration to mice rendered diabetic with a high-fat diet (HFD) and streptozotocin (STZ) resulted in an increase in b-cell mass compared with untreated mice (12, 13) . Furthermore, observations of increased small islets and duct associated insulin + cells suggesting islet neogenesis have been noted after exenatide or sitagliptin treatment in STZtreated mice (14) (15) (16) (17) . In contrast, one study indicated that exenatide had no effect on b-cell mass after 28 days of treatment (18) . Whether observations of incretin-induced b-cell expansion hold true in human patients is unknown. This fundamental question has plagued incretin research and remains unanswered because of the lack of appropriate model systems. Moreover, the acute nature of incretin administration in prior rodent studies requires new experiments with long-term incretin therapy to thoroughly test for b-cell mass expansion. Finally, whether incretinbased therapies such as sitagliptin might recruit specialized progenitors to contribute to b-cell mass expansion through islet neogenesis is also unclear.
A few clinical reports imply that exenatide may occasionally cause pancreatitis (19) (20) (21) ). More worrisome, Butler et al. (22) reported that incretin therapies induced exocrine proliferation and dysplasia in patients with T2D based on brain-dead organ donor pancreatic samples; furthermore, one pancreata contained a neuroendocrine tumor, and three others had microadenomas. Although these human studies were limited in the number of cases available for analysis, rodent studies by Butler et al. (22) similarly suggest that exenatide and sitagliptin promote pancreatic duct proliferation and pancreatitis in rats (23, 24) . These observations suggest that incretin-based therapies could promote proliferation of acinar or ductal pancreas, eventually causing oncogenic transformation. However, these reports only include a small cohort of animals with rare ductal metaplastic events. In the wake of these collective findings, the conversation of incretins and adverse effects on the exocrine pancreas is ongoing. As such, we also considered any potential negative side effects on the exocrine pancreas.
Our main objective was to determine if long-term desfluoro-sitagliptin treatment in mice induces significant b-cell mass expansion or alters pancreatic parenchyma. We continuously treated mice with des-fluoro-sitagliptin, exenatide, or glipizide for several months on low-fat diet (LFD) or HFD to induce obesity and metabolic stress similar to T2D. Pancreata were collected for rigorous quantification of b-cell proliferation and mass and for exocrine histology. By directly comparing des-fluorositagliptin with exenatide and glipizide, we compared the effects of physiologic GLP-1 (via DPP-4 inhibition) vs pharmacologic GLP-1 (such as GLP-1 analogs) or glipizide (commonly used oral antidiabetic drug). Here, we describe our studies that show that long-term incretin therapies may not affect b-cell mass expansion and pancreatic histology.
Methods

Mice
Animal experiments were performed at Children's Hospital of Philadelphia according to the Institutional Animal Care and Use Committee. Male B6129SF1/J mice (JAX 101043) were obtained from Jackson Laboratories (Bar Harbor, ME). Tenweek-old male mice received glipizide (0.02% weight-to-weight ratio) or des-fluoro-sitagliptin (Merck, Kenilworth, NJ) (25) (1.1% weight-to-weight ratio) compounded in the diet (for a target dose of 576 mg/kg) as previously described (12) or exenatide (1 nmol/kg/d) via mini osmotic pump (1004; Alzet, Cupertino, CA) for 2 weeks (short-term) or 18 weeks (longterm). Short-term cohorts received a LFD (10% kcal from fat) (D12450B; Research Diets, New Brunswick, NJ). Long-term cohorts received a LFD or HFD (60% kcal fat) (D12492; Research Diets) throughout the study. Mice were labeled via the drinking water with 5-bromo-2 0 -deoxyuridine (BrdU; 1 g/L) (Sigma-Aldrich, St. Louis, MO) or 5-ethynyl-2 0 -deoxyuridine (EdU; 0.5 g/L) (Life Technologies, Grand Island, NY) as previously described (26) for 1 week each. Intraperitoneal glucose tolerance tests (GTTs) were performed as described previously (27) . Serum insulin was measured using a Mouse Ultrasensitive Insulin ELISA (Alpco Diagnostics, Salem, NH).
Immunohistochemistry and morphometry
Microscopy studies and subsequent analysis was performed at Texas Children's Hospital. Paraffin sections were prepared as previously described (26) . Primary antisera included guinea pig anti-insulin (Dako, Carpinteria, CA) and rat anti-BrdU (Accurate Chemical, Westbury, NY) followed by secondary antisera conjugated to Cy3/Cy5 (Jackson ImmunoResearch, West Grove, PA) and DAPI (Molecular Probes, Eugene, OR). EdU was detected using Click-iT EdU Alexa Fluor 647 according to the manufacturer's protocol (Life Technologies). Slides were imaged to quantify b-cell morphometry as previously (28) 
Pathology
Pancreatic sections from long-term treatment cohorts were stained with hematoxylin and eosin. Slides were scanned digitally via Aperio (Leica Biosystems, Buffalo Grove, IL). In total, there were 521 stained slides, with four or five sections per slide, from the head and tail pancreas. Slides were scored by an independent pathologist (R.A.W.), and subsequently the code was broken to tabulate the findings. Evaluations were performed for the following: (1) to assess the "normalcy" of the ductular system based on experience and compared with control; (2) to report on histopathological findings, including hyperplasia, atrophy, differences in ductular cell size and shape, dilations, cysts, inflammation, and inspissated secretion; (3) to report histopathological observations in individual, group and overall incidence and severity scores (0 = none, 1 = minimal, 2 = slight, 3 = mild, 4 = moderate, 5 = severe); (4) to report distribution scores (O = none, F = focal, M = multifocal, D = diffuse); and (5) to provide narrative or conclusion as to the histologic presence or lack of hyperplasia or other changes in the ductular system of the exocrine pancreas in this study. Subsequently, head pancreas sections for all eight groups (262 slides) were reanalyzed to determine the incidence and appearance of pancreatic duct glands (PDGs) in response to the report by Butler et al. (22) .
Statistics
Results are reported as means 6 standard error of the mean and compared with a one-way or two-way analysis of variance where appropriate.
Results
Short-term incretin therapy improves glucose tolerance
Ten-week-old B6.129 F1 hybrid mice were administered incretin therapies via des-fluoro-sitaglipitin or exenatide or the sulfonylurea glipizide for ;2 weeks Table 1] , consistent with the effects of incretins to potentiate insulin secretion. Short-term glipizide had little to no impact on serum insulin [ Fig. 1 (e) and 1(f); Supplemental Table 1 ].
Short-term des-fluoro-sitagliptin therapy increases b-cell proliferation
To test the impact of short-term incretins upon b-cell proliferation, we administered thymidine analogs for 2 weeks prior to kill [ Fig. 2(a) ]. Two-week thymidine incorporation in b-cells of control mice was ;3% [ Fig.  2 (b-h); Supplemental Table 2 ]. Glipizide and exenatide had no effect on b-cell proliferation in the total pancreas. In contrast, des-fluoro-sitaglipitin significantly increased b-cell proliferation, with 5.3% of b-cells in the total pancreas incorporating thymidine during 2 weeks of labeling. Thus, des-fluoro-sitaglipitin increases b-cell proliferation over the short term.
Incretin therapy does not induce rapidly dividing progenitors in islets or pancreatic parenchyma
Several studies have observed an increase in the number of small islets or hormone + cells in ducts, possibly suggesting increased neogenesis (14) (15) (16) (17) . To objectively detect b-cell neogenesis, we used sequential administration of two thymidine analogs and quantified cells undergoing multiple rounds of cell division, as previously described (9) . This approach will test if b-cells expand via highly proliferative transit-amplifying progenitors, as observed in skin or intestine. However, BrdU + /EdU + copositive b-cells were very rare [Supplemental Fig. 1(a) ], as evident in representative images shown in Fig. 2 (b-e) and quantified in Supplemental Table 3 . Moreover, in the current study short-term incretin therapies had minimal or no impact on b-cell proliferation, further indicating a lack of highly replicative progenitor cells. These studies confirm our previous observations that b-cells expand in response to incretins via self-renewal, rather than a highly proliferative progenitor cell population (9). Rapidly dividing cells within the exocrine pancreas would indicate hyperplasia after incretin therapy, such as was suggested by Butler et al. (22) to occur in T2D pancreata within PDGs. Sporadic BrdU + /EdU + copositive exocrine cells were observed in various pancreata [Supplemental Fig. 1(b) ]. However, the cells were generally rare, and no association with incretin treatment was observed [Supplemental Fig. 1(b) ; Supplemental Table 3) ]. Thus, incretin therapies do not induce highly proliferative progenitor cells within the exocrine pancreas in young mice.
Short-term incretin therapy does not expand b-cells
To determine whether incretins expand b-cells, we performed extensive histomorphometry to quantify b-cell mass [ Fig. 3(a-d) ]. b-cell area in mice treated with glipizide, exenatide, and des-fluoro-sitaglipitin was comparable to controls in the head, tail, and total pancreas [ Fig. 3 (e); Supplemental Table 4) ]. Similarly, b-cell mass after glipizide, exenatide, and des-fluoro-sitaglipitin therapy was unchanged from controls. Thus, short-term incretin therapy does not expand b-cell mass in young mice.
Long-term incretin therapy improves glucose homeostasis, even on a HFD
To test the impact of long-term incretin therapy on b-cell function and mass, we administered glipizide or incretin drugs for 18 weeks [ Fig. 4(a) ]. Additionally, mice were placed on a LFD or a HFD to determine the effect of incretin therapy on b-cells during metabolic stress. As expected, HFD exposure for 18 weeks induced substantial weight gain in all groups (P , 0.001) [Fig. 4(b) and 4(c); Supplemental Table 5 ]. Notably, mice on longterm des-fluoro-sitaglipitin therapy gained significantly less weight on a HFD compared with control mice [ Fig. 4(b) and . Long-term incretin therapy had no effect on glucose tolerance in mice fed a LFD. As expected from our short-term studies and prior reports (29) (30) (31) , longterm glipizide-treated LFD-fed mice exhibited impaired glucose tolerance [ Fig.  4 (d) and 4(e); Supplemental Table 5 ].
Glucose tolerance was impaired in both control and glipizide HFD-treated mice (P , 0.05) [ Fig. 4(d) and 4(e); Supplemental Table 5 ]. In contrast, long-term therapy with exenatide or des-fluorositaglipitin during increased metabolic stress abrogated HFD-induced metabolic changes. Fasting glucose was elevated with HFD feeding (P , 0.001) [ Fig. 4 (f); Supplemental Table 5 ]. Random-fed glucose was higher with long-term glipizide-treated LFD and HFD groups, especially in HFD mice, considering that control HFD-fed mice exhibited elevated (P , 0.001) glucose compared with LFD controls [ Fig. 4(g) ; Supplemental Table 5 ]. This further reveals that continuous long-term glipizide treatment disturbs glucose control in mice. Random-fed glucose in HFD-fed mice was maintained with incretin therapy, equivalent to LFD-fed mice receiving vehicle or incretin therapy. Fasting insulin was increased (P , 0.001) in control HFD-fed mice [ Fig. 4 (h); Supplemental Table 5 ]. However, fasting insulin was lower with glipizide and incretin therapy compared with control mice with HFD [ Fig. 4 (h) and 4(i); Supplemental Table 5 ], consistent with lower insulin requirements due to lower body weight and improved glucose tolerance. Overall, incretin therapy significantly enhanced glucose control during metabolic stress with HFD feeding.
HFD-induced b-cell proliferation is abrogated with long-term incretin therapy
We measured b-cell proliferation with thymidine analogs to test if desfluoro-sitaglipitin stimulates b-cell expansion in response to metabolic stress [ Fig. 5(a-i) ]. b-Cell proliferation was increased (P , 0.001) in control HFD-fed mice compared with LFD (h and i) Fasting and random-fed serum insulin (ng/mL). Means 6 standard error of the mean (n = 4-12 animals/group). ***P , 0.001 vs control within diet (one-way analysis of variance).
[ Fig. 5(j-l) ; Supplemental Table 6 ]. b-Cell proliferation was similarly elevated in HFD glipizide-treated mice. However, b-cell proliferation was significantly lower in both exenatide and des-fluoro-sitaglipitin groups on a HFD and was comparable to that in LFD-fed mice. Thus, incretins seem to reduce metabolic stress-induced compensatory b-cell proliferation (Fig. 5) while improving glucose homeostasis (Fig. 4) .
HFD-induced b-cell mass expansion is reduced with long-term incretins
We performed b-cell morphometry [ Fig. 6(a-h) ] to determine the impact of reduced compensatory b-cell proliferation during metabolic stress. On a LFD, glipizide or incretin therapy had no effect on b-cell area and mass compared with controls [ Fig. 6(i-n) ; Supplemental Table 7 ]. HFD feeding in control or glipizide-treated mice significantly increased (P , 0.001) b-cell area and mass. HFD-induced b-cell expansion was reduced with longterm exenatide therapy and completely abrogated with des-fluoro-sitaglipitin. Changes in b-cell mass were not due to reduced pancreas mass, accounting for differences in body weight ( Fig. 7 ; Supplemental Table 7 ). These findings further indicate that long-term incretin therapy reduces the metabolic demand associated with HFD feeding, eliminating compensatory b-cell mass expansion. 
Long-term incretin therapy does not alter pancreatic histology in young mice
Previous studies suggested that incretin therapy might induce exocrine duct metaplasia (22, 23) . As a result, we carried out an extensive study of pancreas histopathology on hematoxylin and eosin-stained slides ( Fig. 8 ; Supplemental Figs. 2-9) . A trained rodent pathologist examined 521 pancreas head and tail slides distributed across all four treatment groups on both a LFD and HFD (n = 8-11/group). Slides were evaluated for changes in exocrine duct hyperplasia, atrophy, size, inflammation, and PDG changes (see Methods). Small amounts of tissue necrosis and inflammation were observed sporadically in mice of all groups (Supplemental Tables 8-10 ). Histopathological changes were focal, mild in severity, and considered incidental, with no relation to any particular treatment. Ductal changes were observed in only one mouse among all groups. Within a glipizide-treated mouse on a HFD, mild ductular hyperplasia was observed in the pancreas head and was considered secondary to inflammation at the site and most likely unrelated to treatment [ Fig. 8(d) ; Supplemental Table 9 ]. Subsequently, all pancreas head slides (262 slides) were evaluated to determine the incidence and appearance of PDGs to address concerns reported by Butler et al. (22) . PDGs were observed in the larger interlobular ducts and the larger excretory ducts, with no evidence of hyperplasia or other proliferation of PDGs in any group. Thus, long-term incretin therapies had no effect on ductal hyperplasia, inflammation, or oncogenic transformation in young adult mice.
Discussion
Through short-and long-term administration of two different incretin therapies, we find that under the current conditions exenatide and des-fluoro-sitaglipitin improve glucose control but do not expand b-cell mass or induce pancreatic histological alterations. Short-term incretins potentiated serum insulin and improved glucose tolerance with a small increase in b-cell proliferation but caused no change in b-cell mass or neogenesis. Long-term incretins reduced HFD-induced weight gain and improved glucose homeostasis without HFD-associated increase in b-cell proliferation and mass. Importantly, long-term administration of exenatide or des-fluoro-sitaglipitin did not alter pancreatic acinar histology or induce metaplasia of pancreatic duct glands.
Although researchers and clinicians continue to consider the potential b-cell mitogenic benefits of incretin therapy in humans (3, 32, 33) , the impact of incretins in human pancreata remains unresolved due to the lack of rigorous quantitative methodologies or appropriate model systems. One potential model of T2D combined STZ with increased metabolic demand (HFD+STZ) in rodents, but this model is limited for the study of b-cell expansion due to possible toxic effects of STZ on surviving b-cells (34, 35) , and the extreme b-cell deficiency of STZ might not directly apply to human T2D, where much more b-cell mass is typically present (22) . To address these potential limitations, we used HFD alone as a robust stimulus for metabolic stress and obesity to model prominent features of T2D. Because prior reports on incretin-induced b-cell expansion were mostly performed with short-term incretin administration (1-2 months), we carried out short-term (;2 weeks) and long-term (4.5 months) therapies with multiple T2D drugs followed by rigorous b-cell quantification. Thus, our combined approach and methodologies allowed us to thoroughly interrogate the effects of incretin therapy on b-cell expansion.
We provide data that indicate incretins may have little (if any) impact on b-cell mass expansion. Several previous reports have indicated that incretin therapy via administration of a GLP-1 receptor agonist or DPP-4 inhibitor stimulates b-cell proliferation and increases b-cell mass in control nondiabetic rodents (4-10). Incretin therapy is used clinically in patients with diabetes to improve glucose control through increased b-cell function and insulin secretion, but the potential added benefit of increasing Figure 7 . Long-term incretin therapy does not change pancreas weight in HFD-fed mice. (a) Pancreas weight (in milligrams) and (b) pancreas weight (in milligrams) normalized to body weight (in grams) from mice with long-term therapy on a LFD or and HFD. Means 6 standard error of the mean (n = 8-12 animals/group). **P , 0.01; ***P , 0.001 vs control by one-way analysis of variance.
b-cell mass is appealing. In agreement with these prior studies, we found that short-term treatment (;2 weeks) with des-fluoro-sitaglipitin stimulated b-cell proliferation in young mice. However, the magnitude of b-cell proliferation increase was quite small (1.8%), suggesting that incretin therapy may not contribute substantially to b-cell expansion. Indeed, we found that, when administered for 4.5 months, des-fluoro-sitaglipitin and exenatide did not significantly affect b-cell mass in young mice on a LFD.
Our studies further inform the potential of incretins to augment b-cells in T2D. Previous studies in HFD+STZ mice suggested that b-cell proliferation and mass might favorably respond to incretins (15, 36) . However, the limitations of the HFD+STZ model noted earlier likely preclude its use to study incretin-induced b-cell proliferation for T2D. Thus, we tested if incretin therapies expand b-cells in a HFD model of T2D-associated metabolic stress. In contrast to previous reports, we found long-term (4.5 months) treatment with exenatide or des-fluoro-sitaglipitin did not stimulate b-cell proliferation or mass expansion on a HFD. Indeed, HFDinduced b-cell proliferation and mass expansion was abrogated by incretin therapy. Incretin therapy alleviated the increased metabolic demand associated with HFD through increased insulin secretion and reduced weight gain, resulting in improved glucose tolerance and likely also peripheral insulin sensitivity. Notably, our results of enhanced insulin sensitivity and unaltered b-cell expansion are consistent with a study of short-term exenatide in HFD mice (18) . In summary, our long-term incretin studies suggest that incretins do not augment b-cell mass expansion in response to increased metabolic demand from HFD in mice.
Furthermore, our study addresses outstanding controversies regarding possible roles of incretins to stimulate b-cell neogenesis. Pospisilik et al. (15) suggested that increased neogenesis occurred after sitaglipitin treatment based on observations of more small islets. Similarly, Xu et al. (4) reported an observation of extra islet neogenic single hormone + cells or small clusters (fewer than eight cells) with exenatide treatment. Others have also reported islet neogenesis with incretin therapy (14, 16, 17) . However, we previously reported that exenatide does not recruit highly proliferative progenitors to contribute to b-cell expansion (9) . As before, we examined incretintreated pancreatic sections for evidence of a rapidly dividing progenitor cell population, quantifying b-cells that had undergone multiple rounds of replication (BrdU + and EdU + ). However, such highly proliferative cells (which were the products of rapid cell division) were very rarely observed (five total b-cells in all groups). Moreover, the lack of substantial b-cell mass expansion after incretin therapies strongly suggests that any contribution from ductal islet neogenesis, if present, might be minimal. Thus, incretin therapies appear to have little or no effect on b-cell neogenesis.
We considered if differences in our study might account for conflicting observations with previous reports. Various strains (C57Bl6, ICR, db/db, wild type, B6.129 hybrid) have been used to study incretins in b-cell expansion (6-9, 11, 12, 17, 18, 36) . Here we used low-dose continuous (1 nmol/kg/d), in contrast to our previous study (10 nmol/kg, subcutaneously) (6, 9) that reported exenatide increased b-cell proliferation. Differences in b-cell proliferation might reflect different doses or route (osmotic pump vs subcutaneously). The literature is similarly rife with conflicting reports, with various incretin doses, strains, and species sometimes (but not always) expanding b-cells (37) (38) (39) . Whether observed b-cell mitogenic effects of incretins in rats will translate to humans is unclear, but, because b-cell turnover in humans is extremely low (40) , the effects of incretin therapies might be minimal.
We arbitrarily limited our study to young male F1 hybrid B6129SF1/J mice because our study still involved 100 mice with the many treatment groups and large replicates. Additional cohorts would have expanded our study beyond the practical limit of analysis. Studies performed in our laboratory routinely use F1 hybrid B6129SF1/J mice (6, 9, 27, (41) (42) (43) . We chose this strain because it closely approximates the mixed genetic background of laboratory knockout mice (commonly derived from SV129-derived embryonic stem cells and crossed into c57B6). Consequently, we are very familiar with these mice, including prior studies with HFD and exenatide, which can be used as a direct comparison for measurements of glucose homeostasis and b-cell mass. Nevertheless, the inherent limitations of our study (a single sex, genetic background, and age) must be considered. It remains possible that differences in these conditions could lead other investigators to could come to different conclusions about the impact of incretin therapies on b-cell expansion.
Our findings refine observations regarding the role of incretin therapies to maintain glucose homeostasis in response to metabolic demand. Our studies revealed that des-fluoro-sitaglipitin improves glucose control in the short term via insulin potentiation ( Fig. 1 ) and in the long term through improved insulin sensitivity via reduced weight gain on a HFD (Fig. 4) without b-cell expansion (Fig. 6) . One prior study administering exenatide for 4 weeks hints at a similar effect on HFD-induced weight gain (18) . Indeed, we observed lower serum insulin levels in HFD-fed mice after incretin therapy, with lower body weight and improved glucose tolerance, indicating enhanced peripheral insulin sensitivity. Thus, long-term incretin therapy regulates body weight during increased metabolic demand to maintain glucose homeostasis, but the exact mechanism is unclear.
Our study also provides further evidence regarding the potential impact of incretins on pancreatic parenchyma. Scattered reports that incretin therapy might possibly induce ductal metaplasia and formation of adenocarcinomas are concerning and could negate their use as insulin potentiators for T2D if the risk outweighed the benefits. Butler et al. (22) have published two studies in rats treated with incretin therapy suggesting an association with pancreatitis and ductal metaplasia (23, 24) . The first study was performed in human islet amyloid polypeptide transgenic rats fed a HFD (23) . However, their findings differed from other reports (44) , and also human islet amyloid polypeptide rats can develop spontaneous lesions and pancreatitis in the absence of incretin therapy (45) . The second study (24) also used a rodent strain with exocrine tumors (KrasG12D mice develop pancreas cancer). Butler et al. (22) have also published an analysis of human T2D pancreas samples exposed to incretin therapies. The authors described a marked increase in exocrine cell proliferation and dysplasia in patients with T2D receiving incretin therapy.
Additionally, an influence of incretin therapy on the endocrine pancreas was suggested by a-cell hyperplasia and glucagon-expressing microadenomas. Notably, several comments and a follow-up report suggest that the conclusions from the Butler et al. (22) study could not be supported (46) (47) (48) (49) . The main critiques included: (1) T2D groups with our without incretin therapy were not appropriately matched for age, duration, or advanced stage of diabetes; (2) it was unclear whether some patients actually had type 1 diabetes; (3) there were variable staining and methodological issues for quantification; (4) the observed neuroendocrine tumors and PanIN lesions appear to be due to increasing age rather than incretin therapy; and (5) there were too few samples to adequately interrogate the larger population (46) (47) (48) (49) . Thus, more extensive analyses across a much larger data set are required to resolve this outstanding issue in human pancreas.
Nevertheless, abundant evidence suggests that incretins may alter pancreatic parenchyma. Rouse et al. (50) used HFD feeding alone followed by short-term (6 weeks) treatment with exenatide or sitagliptin. Incretin therapy was associated with changes in pancreas histology, which is indicative of pancreatitis and duct hyperplasia, supporting the findings of Butler et al. (22) . Moreover, increased pancreas weight has been observed after incretin therapy in association with exocrine cell proliferation and pancreas pathology (24, 51, 52) . In sharp contrast, we show here that long-term administration of exenatide or des-fluoro-sitagliptin in a large cohort of mice (n =38) on a LFD or HFD demonstrates no evidence of duct hyperplasia, pancreatitis, or tumors and did not affect pancreas weight.
In summary, our studies show that long-term incretin therapies in mice may not induce b-cell mass expansion or alter pancreatic acinar cell histology. Notably, incretin therapy abrogates HFD-induced b-cell mass expansion through reduced weight gain during increased metabolic stress. No evidence for a rapidly dividing progenitor cell was found. b-Cell function and peripheral insulin sensitivity decline with age, potentially limiting the effectiveness of incretin therapy. Future studies will consider the effects of incretin therapy on b-cells in advanced age. Importantly, after 4.5 months of incretin therapy, none of the mice developed tumors, pancreatitis, or ductal hyperplasia. In light of our findings, the beneficial impact of incretin therapies for individuals with T2D probably relate more to augmented insulin secretion and improved metabolic parameters than expansion of b-cell mass.
